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EVALUATIONOF OPEMITNGCHLMC’TEKCSTICSOFA

SUPERSONICFREE-JETFACILITYFORFULL-SCALE

RAM-JETINVESTIGATIONS

ByCarlB.Wentworth,HerbertG.Hurre31
andShigeoNskanishi

SUMMARY

A supersonicfree-jetfacility(Machnumber3) capableof accom-
modatingfull-scaleram-jetengineshasbeenconstructedandevaluated.
A 24-inchcirculsxnozzleproducesa jetof sufficientlyuniformveloc-
itythata goodsimulationoftheengineinternal.flowisobtained.An
annulsrdiffuserplacedaroum3theenginerecoverspartofthetotal
pressureof thejetflowpassingoutsidetheenginesothatthepressure
ratioswhichmustbe imposedacrossthefacilityto startandmaintain
thejetarekeptto reasonablevalues.

Mach

INTRODUCTION

Theinvestigationoftheperformanceof ram-jetenginesathigh
numbershasbeenaccomplishedinfreefMght,by operationin”’

supersonicwindtunnels,~ b~ the.direct-co~ectmeth~d.Eachmethod
hasuniquecharacteristicswhichmskeit a desirableresesrchtool,but
theusefulnessof e~h islititedbyeitherhighcostsorpoorsimula-
tionofflightoperation.

Free-flightoperation,of course,givesanexactsimulationofboth
externalandinternalflowsforallflightattitudesbutthistypeof
investigationentailstheriskof engineloss,andtheamountof instru-
mentationis limitedby thenecessityoftelemeteringthedatato a
groundstation.Thesupersonicwindtunnelprovidesan excellentsimu-
lationof internalandexternalflowsforallanglesof attack,butthe
costof a tunnelwhichcouldacconrnodatefull-scaleenginesatMach
numbersfrom2 to 3 wouldbe lsrge.Thedirect-connectinvestigation,
conductedby pipingairdirectlythroughtheengineatpressuressnd
temperaturescorrespondingto flightoperation,providesa partial
simulationoftheinternalflow;butthevelocitydistributionatthe
combustorinletmaynotbe comparabletothevelocitydistributionin
a flightengine,becausethesupersonic-diffusershockwaves,which
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influencethediffuserboundarylayer,donotoccurinthedirect-
connectinvestigation.Theflowdistortionsresultingwhenoperating
at sngle,ofattackcannotreadilybe simulated.Nevertheless,the
direct-connecttechniquehasbeenwidelyusedinthedevelopmentof
ram-jetcombustorsbecauseof itssimplicityandlowcost.

A supersonicfreeJethasbeenproposedasanalternativefacility
whichshouldprovidea goodsimulationof theinternalflowofa rem-jet
engineat a fractionof thecostofa windtunnelsuitableforthessme
rangeofflightMachnumbersandaltitudes.ThefreeJetusedto sfmu-
latethehighcruisingaltitudesofa ram-Jetenginemusthaveverylow
pressures.Consequently,it isnecessarytoprovidemeansforthe
recoveryof someoftheJettotalpressureby a suitablediffuserin
orderto keeptherequiredcapacityoftheexhausterequipmentwithin
reasonableLimits.A modelinvestigationwasconductedattheNACALewis
laboratorytodeterminetheeffectivenessofanannulardiffuserplaced
aroundtheenginein sucha waythatengineaccessibilitywasnot
impaired.Theresultsofthisinvestigationsrereportedinreference1.
Otherinvestigators(reference2)havestudieda similardiffuserwhich
doesnotprovidethesamedegreeofengineaccessibility.Theuse of
thesefree-Jetdiffusersshouldpermitoperationofa freeJetwiththe
ssmeairconqmessorsandexhausterequipmentthathavebeenused inthe
pastfordirect-connectinvestigations;however,therangeofaltitudes
whichcanbe simulatedisnotas greatas fora direct-connect
investigation.

Basedontheresultsofreference1, a full-scalefree-jet
facility(Machnumber3)hasbeenbuiltattheNACALewislaboratory,
anditsperformanceandoperatingchexacteristicsforzero-angle-of-
attackoperationarethesubjectofthisreport.Ram-jetenginesup
to 20inchesindiametercsnbe accommodated,andaltitudesfrom57,000
to 77,000feetcanbe simulated.

Theinvestigationofthisfacilityhasyieldeddqtawhichdescribe
theperformanceofthesupersonicnozzle,theperformanceofthe
variable-areafree-jetdiffuser,andtheover-allpressureratioswhich
arerequiredto stertandmaintainflowofthedesignMachnmiberat
theinletof a 20-inchengine.
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ThefollowingsymbolsareusedInthisreport:

erea,sqft

localMachnumber

totalpressure,lb/sqft abs
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P staticpressure,lb/sqft abs

s slantpositionon jet-diffuserinnerconemeasuredfromupstream
edge,in.

T totaltemperature,‘R

Y ratioof specificheats

Subscripts:

downstreamof jetdiffuseror facilityetiaustpressure

jetchsnber

minimum

jet-nozzledischargeplane

free-streamazibient(referringto conditionswithinjet)

behinda normal.shock

APPARATUSANDINSTRUMENTATION

Free-JetFacility

Thefree-jettestfacilitywitha full-scaleram-jetengine
installedis shownschematicallyinfigure1. Thesupersonicfreejet
isobtainedby dischargingtheflowfroman axiallysymmetricnozzle
intoa testchamberof largerdiameter.Thetestchaaibercontainsthe
ramjetwithitsinletsubmergedinthesupersonicflowfieldandan
snnulsrconvergent-divergentpassagewayto diffusetheairflowing
aroundtheram-jetinlet.Onlywiththisdiffusioncanthefacility
be operatedwiththelimitedover-all.pressureratiosthatareusually
available.Theram-jetexhaustandthejet-dMfuserdischargesrecom-
binedat,thedownstreamendofthechamberandpipedto theexhausting
machinery.Thefacilityutilizescompressedairwhichisfirstducted
throughan airheatersmdthenintoa surgetankhousingtheinletof
thesetnozzle.

3

Surgetank.- Directcombustionby a turbojetcombustorsectionis
usedtoheatthecompressedairbeforeit entersthesurgetank;thus
theaircontainstheproductsof combustionfromtheheater.Thesurge
tankis a 6-foot-diameterreservoirfortheinletairto thejetnozzle.
Thetsmkcontainsa baffleat itsinletendanda screenat aboutthe
midpoint.Thesizeof thetank,l%ebaffle,andthescreenensure
parallelflOwOruniformvelocityatthenozzleinlet.
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a
Supersonicnozzle.- An axiallysymmetricnozzleprovidinga Mach.

nwnber3 jet24inchesindiameter(exclusiveofboundary-layer)wasused
inthisinvestigation.A circularjetofthissizewasselectedfora

●

20-inch-diameterramjetonthebasisofa preliminaryanalysiswhichcon- “-
sideredtheavailableover-allpressureratio(8)andtherequiredpres-
sureratiosas reportedinreference1. Theanalysisalsopredictedthat
a satisfactoryrangeofaltitudescouldbe simulatedwiththisnozzle.

Thenozzlewasdesignedtobe as sti.fisspossible.me le@h
ofthesupersonicsectioncanbekeptto a minimumby selectinga waXL
contournearthethroatthatwillexpandtheflowrapidlyuntilthe
designMachnumberisreachedontheaxisof symmetry.Afterthisini-
tiale~ansion,thewallcontourisno longerarbitrarybutmustbe of
a shapethatwiXlgiveuniformflowparalleltothe@s attheexit
ofthenozzle.Thewallcontourselectedforthethroatregion(before
boundary-layercorrection)wasformedby a circularsrchavinga radius
of4.76throatradii.Theflowsolutionfromthethroatto a plane
0.20throatradiusdownstreamwasdeterminedby a seriesexpansion
accordingto reference3. Theremainderofthesupersonicdesign,
exclusiveofboundary-layercorrection,wasdeterminedbythenumerical
methodof characteristicsforthree-dimensionalflowshavingaxial b
symmetry.Theequationsof reference4 wereusedforthissolution.
A verticalspacingof0.10throatradiusbetweenpointsatthestart

—

ofthecharacteristicsnetassuredgoodaccuracyfromthecalculations.
.-—.

Thesubsonicportionofthenonviscousdesignconformstothe“B”con-
tourofreference5 withtheadditionof aninletbell-mouth.

--..—

Aftercompletionoftheabovedesign,a correctionto thenozzle
contourforboundary-layereffecthadtobe made.

—
Intheabsenceof

a rigoroussolutionfortheflowof a three-dimensionalturbulent
boundarylayer,themethodofreference6 forplaneradielflowwas
usedtopredicttheboundary-layergrowth.Thenozzleflowfieldin
a planethroughtheaxisof symuetrywasapproximatedby a radialflow
patternwitha varyingsource(orsink),butthepressuregradient
usedwasthatfromthethree-dimensionalnonviscousflowfield.The

—

adjustmenttothenozzlecontourwasmadeequaltotheboundary-layer-
displacementthiclmessaadefinedinreference6.

Thefinalstepinthenozzledesignwasthesmoothingof thecon-
tourby themethodof itemdifferences(reference7). Thesmoothing
processwascarriedoutto removeanydiscontinuitiesintheslopeof
thecontour.Theresultingnozzlecoordinatessregivenintable1.
ThenozzlewasmachinedfromMeehanitecastingsto a toleranceof
@.010 inch.A thinlayerofrustwhichformedonthenozzleexisted

-

throughouttheinvestigation.

Jetdiffuser.-
convergent-divergent

.

Theannularjet~ffuseris anexiallysymmetric
typewitha flowdirectionhavingbothradialand u



NACARME52108 5

.

i

tisl components;itwasdesignedfrominformationobtainedfromthe
investigationofreference1. Theinnerwallofthe etdiffuseris

●

fprovidedby a conicfrustumof 20°half-angle(fig.2 . Whenthejet
wassurveyed,theconfigurationoffigure2(a]wasused;withthe
20-inchramjetinstalled,thejetdiffuserappearedasminfigure2(b).
Theouterwall.consistsoftwoconicalsections:a 10°half-angle
sectiontothethroat,followedby oneof 200half-angle.Thebody
formingtheoutercontourcanbemovedtiallyduringoperationofthe
facility,allotingadjustmentofthethroatareatotheoptimumvelue.
Forthedesignpositiontheleadingedgeoftheoutertidywaskept
well,downstreamoftheram-jetlipsothatreasonablemovementupstream
wouldnotpreventshadowgraphobservationoftheflowenteringtherem
set. In ordertopreventairleakagearoundthejetdiffuser,thegap
betweentheouterbodyandthetest-chaiberwallis sealedbyan “O”ring.
Theaxiallengthofthefixeddiffusersurfaceisonly44 inches; thus
theburnersectionofthersmjetis accessibleforservicesndpos-
sibleedification.

Testchamber.- Thefacilitytestchamberis a cylindricaltank
6 feetindiameter.Onesectionofthetmk canberolledbackto give

. accesstotheinstallationwithin.Theramjetis suppmtedinthe
forwardpartof thetankby threewater-cooledstrutswhichmaintain
properalinementoftheenginewiththejet. Thersm-jetinletwasplaced

. sothatthediffuserconeandcowlwerewithinconesdefinedby upstream
anddownstreamMachlinesoriginatingfromthenozzlelip. Thusthe
streamenteringtheengineisnotinfluencedby thepressureat thejet
boundarysolongaEthispressureisequalto or lessthanthejet
pressure.Theram-jetexhaustnozzledischargesintoa longspray
coolerinwhichtheexhaustgasesarecooledto lessthan1000°F.
Theexitofthecooleris equippedwitha throttleby whichram-jet
pressurescanbe raisedta assistignitionoftheenginecombustorand
forcold-flowtests.Theairfromthejetdiffuseris alsocooledby
a waterspray,andthecombinedflowfromthejetdiffuserandtheram
jetiscooledfurtherby anotherwatersprayattheexitofthetest
chamber.

Instrumentation

A surveyofthefree-jetMachnumberwasmadebeforeinstallation
oftheram-jetengineinthefaci~ity.A 5-probepitotrakewasused.
me rakewasmountedon a shsftextendingthelengthofthetestcham-
ber (fig.2(a))andcouldbe rotatedormovedalongthenozzleaxis
whilethefacilitywasinoperation.A dummyram-jetdiffuserwith
no innerbodywasinstalledwithinthejetdiffuserto substitutefor
thersm-jetdiffusionandto allowthejetdiffuserto operateat
approximatelyitsdesignmassflows.An attemptwasmadetoutilize
wedge-typeprobesin thejetsurvey,butthedataobtainedwerecon-
sideredunreliable.
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Otherthanthejet-surveyrake,thefollowinginstrumentationwas
usedtomeasurepressuresinthisinvestigation: ●

(1)A7-tubepitotrakeinthesurgetemls(Po)

(2)Static-pressureorificesspaced2 inchesapartlongitudinally
alongthenozzlewall

(3)Fourstatic-pressureorificesinthenozzlewallabout1 inch
upstreamoftheexitandequallyspacedaroundthecircumference(po)

(4)Onewallstaticorificeinthejetchamberatthefrontofthe
testchamber

(5]Static-pressureorificesspaced2 inchesapartlongitudinally
alongtheinnercontourofthejetdiffuser(fig.2(b))

(6)Onestaticorificeinthewallofthetestchamberimmediately
downstreamofthe~etdiffuser(pa).

Thepressureswereindicatedon a multiple-tubemanometerboardwith
fluidsprovidinga readingaccuracyofabout1 percentforeachpres-
sure.Thereadingswererecordedphotographically.

Thestagnationtemperatureofthejetwasmeasuredwitha
7-thermocouplerakeinthesurgetsnk.

A shadowgraphinstallationpermittedobservationofflowconditions
attherem-jetinlet.Theimagewasprojectedtothecontrolroomfor
continuousviewingorforphotographicrecordingoftheflowphenomena.

PRocEmRE
Theinitialfacilityconfigurationhada dummyenginediffuser

sitilsrtothatshowninfigure2(a)sothatthejet-nozzlerakecould
bemounted.Thecapturediameteroftheinitialdummywas20inches,
whichgavea ratioofnozzle-dischargeareato enginecapturearea
q~ of1.44. Itwasnotpossibleto establishfulljetflowwith
thisarrangement,althoughanover-allpressureratioof 8.5was
available.Reference1 indicatesthatstsrtingcanbe accomplished
atlowerpressureratiosastheratio ~~ is increased.Accordingly,
snextensionwasattachedtothejet-diffuserinnerconewhichreduced
thecapturediameterto17 inches,givinga ratio~/~ of 1.99.
Thisarrangement,as showz-infigure2(a),permittedestablishmentof
thejet,anditwasusedwhilethejetflowwasbeingsurveyed.

●

.
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Thesurveyof theJetwasaccomplishedwithpitotprobesmounted
on a rakeas showninfigure2(a~.TheMachnutfiber~ at eachprobe. wasdeterminedfromtherelation

*coIn
N

whichgivesthetotal-pressureratioacrossa normalshock.Itwas
assumedthatalllossoftotelpressurebetweenthenozzleinletandthe
surveyprobeoccurredin a normalshod infrontoftheprobe.

“

Theover-allpressureratiosrequiredtostartandmaintainthe
jetwereobtainedbychangingtheexhaust,pressurepa whileholding

‘o constant. As pa waslowered,a pointwasreachedwherethenozzle
andjet-ch&iberpressuresjumpedto a lowvalue,whichindicatedflow
establishment.Theetiust~ressureatthatinstantwasrecorded.The. exhaustpressurewasthenincreaseduntila reversechangeoccurred,
ad thepressurewasagainrecorded,a procedurewhichwasrepeatedfor
severaljet-diffuserthroat-areasettings..

Conditionsofoperationwhichresultedincondensationshockin
thejetnozzleweredeterminedlyreducingthenozzle-inlettenrpera-
ture To asthenozzle-inletpressurePo washeldconstant.The
temperaturewasrecordedforseveral.nozzle-inletpressureswhenthe
nozzlewalLpressuresftistdeviatedfromtheiroriginalhigh-
t~eraturevalues.

Thedataofthisreportwereobtainedwitha 700°F inlettotal
temperatureunlessspecificallynotedotherwise,inorderto elimi-
natepossiblecondensationeffectsexceptwhentheseeffectswere
beingstudied.

DISCUSSIONOFRESULTS

As mentionedintheINTRODUCTION,thevalueofthefree-jet
facilityliesintheabilityto givea goodsimulationoftheinternal
flowoftheengineunderinvestigation.It isnecessary,then,that
thenozzleprovidea jethavinguniformvelocityin thetestsection
wheretheengineinletisplaced.Theflowvelocitiesobtainedwith
thejetnozzlehavebeendeterminedatvariouspositionswithinthe
jet,andtheresultsarepresentedinfigure3,whereMch numberis
plottedagainstnozzleradius.Dataarepresentedforthreeaxial
locations.

.



8 NACARME52108

.
TheMachnumberprofileata station9.4inchesupstreamofthe

nozzle-dischargeplaneis showninfigure3(a).AU.probesarewithin
theforwardMachconeoriginatingfromthenozzlelip. Atthisstation ,

theMachnumberis essentiallyconstant withanaveragevalueof 2.99.
TheMachnumbersurveymadeatthenozzle-dischargeplaneis shownin
figure3(b).TheMachnuuiberat a radiusof4 and& inchesisnow2.95,
althoughtheMachnumberattheaxisis stillapproximately3.0. At a
station7.1inchesdownstreamofthenozzleplane(fig.3(c)),theMach
numberattheaxisis2190,althoughtheMachnuniberata radiusof4 N
and8 inchesisstillapproximately2.95.Thusthemaximumvsriation E
overtheregionsurveyedwasapproximately3 percent.Variationsin
flowvelocityofthiskindarecommonlyexperiencedincircularnozzles;
anditispresumedthattheyarecausedby disturb~cespropagatedfrom
thewallsandwhichtendtocollect,orfocus,
thatthisjetisentirelysatisfactoryforthe
tionsofrsm-jetengines.

InfluenceofPressureLevelonJet

ontheaxis.
internal-flow

MachNuniber

It is felt
investiga-

te effectofpressurelevelontheMachnumberatthenozzle- .
dischargeplaneispresentedinfigure4,inwhichtheunweighed
averageMachnumbermeasurementsfromthe5 probesareplottedagainst
thenozzle-inlebtotslpressure.A variationinMachnuniberfrom2.96
to 2.98wasrecordedasthetotalpressurevariedfrom2750to4900pounds

.

persquarefoot. TheslightchangeinMachnumiberisprobablydueto
differencesintherateofwallboundary-layergrowth,whichisa func-
tionofpressureanddoesnotconstitutea limittotheusefulnessof
thejetforitsintendedpurpose.

LengthwiseDistributionofWallPressureinJetNozzle

Thesupersonicjetnozzlewasequippedwithstatic-pressurewall
orificessothd themeasuredpressuresmightbe co~aredto thetheo-
reticallypredictedpressures.Theresultsaregiveninfigure5,
wherethedimensionlessstaticwallpressureIsplottedagainstthe
axialpositionfora typicaloperatingcondition.Theagreementbetween
thedesignpressuredistributionandthemeasuredpressuresiswithin
3 percent.It isapparentthatthepressurealongthethroatwall -.
reachesthecriticalvalueof0.528about1/2inchupstreamofthe
throat,whichcorrespondscloselyto thepredictioninreference3.

A preliminaryanalysiswasmadeto determinethecondensation-
shockcharacteristicsofthejetaccordingtoreference8. Thespecific
humidityforeachtemperaturewasdeterminedfromtheinitialdewpoint .
oftheair(-20°.F)andthenmistureadditiondueto conibudtioninthe
airheater.Thepredictedminimumtemperaturesforcondensation-shock-
freeflowareplottedagainstnozzle-hlettotalpressureinfigure6, .
andexperimentalcheckpointsexeplottedonthesamecurve.Theagree-
mentbetweenthesedataand.thepredictedtemperatureisquitegood.
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Theresultsoffurtherinvestigationofthecondensation-shock
characteristicsofthefacilityarepresentedinfigure7,wherethe
lengthwisedistributionofwallpressuresisplottedforvariousnozzle-
inlettotaltemperatures.Fortemperaturesof 7000and650°F, thewall
pressuresindicateno disturbance.At a temperatureof 6W0 F, there
isa sumothriseofpressureinthelast8 inchesof thenozzle.This
disturbancenmvedprogressivelyupstreemwithfurtherreductionsintem-
peratureuntilat4500F thedisturbanceoccurred30 inchesupstreamof

s thenozzledischarge.Thesedataarefora nozzletotalpressureof
2 3525poundspersquarefoot,andit shouldbe notedthattheinitial

disturbanceoccursathighertemperaturesforhigherpressures(fig.6).

Becausetheinitialobjectivedesiredfromthisfacilitywasto
calibratetheflowofthejetnozzleandto determinethestarting
requirements,bothofwhichmightbe influencedby condensationshock,
thedatadefiningthequalityofthenozzleflowandthestarting
requirementswereobtainedforaQ inlettemperatureof 700°F. However,
thereductionsof thejetMachnumberwhicharebasedonthecondensation-
shock-pressureincreasesof figure7 are@ percentor less.Whenthe

2
propertemperatureforMachnuniber3 simulationis used(640°F for

. altitudesabovethetropopause),thejetMachnumberisreducedless
than1 percentfromthevalued an inlettemperatureof 700°F. Thus
propertemperaturesimulationispossiblewithoutseriousreductionof.
thejetMachnuniberdueto condensationshock.

Over-AllRressureRatiosRequiredforOperation

Compressorandetiaustermachinescapableofproducingthepressure
ratiosrequiredbyhighMachnumbernozzlesmustbe verylargein order
tohandlethemass-flowratesofa Jetlargeenough*O enclosea full-
scaleengineinlet.Consequently,a jetdiffuserwhichhandlestheair
spilledaroundtheengineinletis tiedtorecoverasmuchof thejet
totalpressureas ispossiblesothatthemachtieryrequirementscanbe
reduced.Theeffectof thediffuseristo reducethepressureratio
acrossthefacilitybuttomaintainthenecessaryratioacrossthejet
nozzle.Thejet-diffuserrecoveryis affectedby thediffusershape
andby thefractionofthenozzleflowpassingthroughit,whichis
characterizedby theparameter~/Ao, where Ao iSthefree-stream
areaofthecapturedstreamtube.

AsmentionedinthePROCEDUREsection,twoJet-diffusershapes
havebeenutilizedsmdaresketchedinfigure2. Thefirst(fig.2(a))
hada smoothconicalinnerwallandwasdesignedto accommodatea jet-
surveyrake.The
a 20-inchengine,
20°conicalinner

second(fig.2(b)),whichwasdesignedto acconunodate
hada sharpbreakwheretheenginecowljoinedthe
wall. Valuesoftheparameter~/~ forthetwo
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configurationswere1.99md 2.56,respectively.
onlyfora fuL1.ysupersonicjet. Itis expected
betweenengineor dummyandthejetdiffuserwas

NACARME52108

Thesevaluesapply
thattheflowdivision
notthesamepriorto

theestablishmentofthesupersonicjet. Datahavebeenobtainedwhich
describetheoperatingcharacteristicsof eachjet-diffuserconfigura-
tion.Boththedumy andtheram-jetdiffus=sweresuPercriticalfor ,
alldatawhicharepresented.

Theoperatingrequirementsofthefacilityweredeterminedlyvary-
ingtheover-allpressureratiop~Po forfixedjet-tiffuser=ea.
Theresponseofthejet-chamberpressuretothesechangesinover-all
pressureratioaretypifiedby thecurveoffigure8. Thedimension-
lessjet-chamberpressureisplottedagainstthedimensionlessjet-
diffuser-outletstaticpressureforthediffuserconfigurationwith
theengineinstalled(fig.2(b)). Afterflowthroughthenozzlewas
startedandtheetiaustpressurepa wasloweredto approximately0.19
PO)theflowinthenozzlewaspartiallysupersonic)buta shocksYst~
existedatthenozzleexitwhichgreatlyinterferedwiththeengine-
inletflow.When pa wasloweredto 0.156Po,theshocksystem
passeddownstreamthrou@thejetdiffuser,andthejet-chsniberpres-
s~e Pc changeddiscontinuouslyto 0.02 Po,as showninfigure8.
Inthisconditionthejet-nqzzle?1OWwasfullyestablishe-dwttbinthe
Machconefromthenozzlelip. Whentheexhaustpressurepa was
raisedto 0.161Po,theflowrevertedtotheu~er branchof figure8
andtheshocksystemreappearedatthenozzleexit.Theflowinthfs
conditionwasunusableandwasconsideredtobebrokendown.

Theseestablishmentandbreakdownvaluesoftheexhaustpres-
sure pa havebeenplottedforseveraljet-diffusersreasinfigure9.
Inthisfiguretheover-allpressureratio,ornozzletotalpressure
dividedby exhaustpressure,isplottedagainstjet-diffuserarea.The
upperlinerepresentspressureratiosrequiredforthejetestablish-
ment,andthelowerlinethepressureratiosatwhichthejetbreaks
down.Fortheconfigurationwiththeenginei~talled(fig.2(b)),
thejetcanbe establishedwithanover-allpressureratioof 6.2at
a jet-diffuserminimumareaof3.1squsrefeet,asshowninfigure9(a).
At thesamejet-diffuserarea,thejetismaintaineduntiltheratiois
reducedto 6.1;butifthediffuserareais setat2.59squarefeet
afterflowhaabeenestablished,thejetdoesnotbreakdownuntila
ratioof 5.4isreached.Jetestablishmentwasnotpossiblewitha
diffuserarealessthan3.08squarefeet,andthejetcouldnotbe
maintainedwitha diffusersrealessthan2.59squarefeet.

Forthetiffuserconfigurationwiththedummyengine(fig.2(a)),
thestartingratioswerehigher,as showninfigure9(b).Valuesof
theover-allpressureratiorequiredto establishthejetrangedfrom
8.2to 8.6. Theminimumbreakdownratioof4.9wasobtainedwitha
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jet-diffuserminimumareaof 1.9squarefeet. Thus,thestsrtingratios
werehigherthanfortheconfigurationwithengineinstalled,butthe
breakdownratioswereapproximatelythesame. Jet-diffusersreaswere
smallerforthedummyinstallationbecausethejet-diffuser(spilled)
flowwasless.

Thebehavioroftheexternslflowofthefacilityiscomparableto
thebehaviorof a one-dimensionalsystemoftwosuccessivethroats,
wherethefirstthroatis atthenozzleminimumareaandthesecond
throatistheminimumsectionofthejetdiffuser.Theflow-establishment
discontinuityoffigure8 istheresultof theshocksystempassingfrom
betweenthethroatsto a pointdownstreamofthejet-diffuserminimum
srea,therebyproducingthegreatertotal-pressurelossesdemandedby
theloweredexhaustpressure.Theselossescanthenbe reducedby
increasingtheexhaustpressuresothattheshocksystemmavestoward
thediffuserthroat,wheretheMachnumberislowerandtheshock
lossesareless. If thepressureis increasedbeyondthevsluewhich
positionstheshocksystemattheminimumareaof thediffuser,the
shockmustmve forwardof thediffuser,andthejetisbrokendown
as shownby thebreakdowndiscontinuityoffigure8.

Fora idealsystemof successivethroats,theshocknmvementcor-
respondingto thejetestablishmentmustoccurwhentheshockhas
attainedthegreateststrengthpossiblefora positionbetweenthe
throats.Forthisfacility,thestrongestshockwouldbe a normal
shockat a Machnumberof 3 forwhichthetotsl-pressureratiois
0.328.If otherpressurelossesinthesystemareignored,thispres-
sureratiocorrespondsto thestartingpressureratioofthejet. Thus,
ideally,thefreejetat a Machnumberof3 shouldbe establishedata
value P~pa = 1/0.328= 3.05. Thefactthatthepressureratioactu-
allyrequiredismuchlarger(6.2)meansthatadditionallossesof
pressurehaveoccurredthroughthesystem.

Theone-dimensionalanalogycanbe usedto e~laincertainfeatures
offigure9. Forexample,thebreakdownlineof figure9(a)haslower
valuesasthediffuserareaisreduced.Theareareductionaccomplishes
greatersupersoniccompression;thatis,thethroatMachnumber
approaches1. Consequently,theefiaustpressurecanbe increased,
andtheshocklossesofthedivergentpsrtofthediffuseroccurat
lowerMachnumbers.A limitoccurs,however,whenthethroatMachnum-
beris lj anda furtherdecreasein diffusermea causestheshock
systemtomovetothenozzle,thusaccountingfortheverticalpartof
thecurve.OperationWithan sreaslightlylargerthenthiscritical
area,2.65squsrefeet,forexample,givesoptimumjet-diffuserrecov-
eryandthelowestrequiredpressureratio.Theverticalpart’ofthe
stsrtingcurveat3.08squarefeetindicatesthatthediffuserthroat
ischoked,eventhoughtheenteringflowis subsonic;hencedecreases

—
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inexhaustpressurecannotaffecttheshocksystembetweenthethroats,
andstartingisimpossibleat anypressureratio.

Theestablishedflowoftheprecedingdiscussionhasalwaysbeen
attendedby jet-chamberpressureswhichweresmallerthanthejetstatic
pressure.An investigationwasconductedto determinewhetherornot
thejet-chemberpressurecouldbeincreasedto equalor exceedthejet
staticpressure.Theresultsereplottedinfigure10,’wherethe
dimensionlessJet-chaniberandjetstaticpressuresareplottedagainst
diffuserarea.Thedatawereobtainedby maintaininga constantover- !

allpressureratioandvaryingthediffuserarea.Ata diffuserexea
of 4.14squerefeet,thejet-chamberandjetstaticpressureswere
equal,buttheequilibriumwasdifficultto setandmaintain.At a
Jet-diffuserereaof2.67squarefeet,boththejet-cheniberandjet

.—

staticpressuresincreaseddiscontinuouslysothatitwasimpossibleto
establisha conditionwherethetwopressureswereequal.

Whenthejet-chaaiberpressureexceededthejetstaticpressure,&a
ata diffuserminimumareaof4.14squarefeet,shockdisturbanceswere
observedto entertheenginecowl.Suchdisturbancesdestroythesimu-
lationofflightoperationandcannotbe tolerated.Theenginemight
be nmvedclosertothenozzledischargeorintothenozzleitselfso
thattheinletisnotaffectedlytheseshockwaves,butthisaction
wouldlimittheopportunityforvisualobservationoftheflowatthe
engineinlet.Thusitisnotfeasibleto operatethepresentfacility
withthejet-chamberpressureequal to or largerthanthejetpressure.

Infigure10thesmallestjet-diffuser-sreasettingwhichpermitted
a fullyestablishedjetis somewhatlarger(2.67sqft)thanis indi-
catedinfigure9(a)(2.59sqft.].Thisdiscrepancyhasbeentracedto
leakage.of atnmsphericairintothe#etchamber.Whenthejettotal
pressurewashigh(largeflowrate),theleakagewasa smallfractionof
thejet-diffuserflow.At lowerjetpressurestheseineemountof leak-
agewasa greaterfractionofthejet-diffuserflow,andthislow-energy
airincreasedtherequiredoperatingpressureratiosforthefacility.
Thusleakageintothejetchauibermustbeheldto a minimum,orthe

.

facilityrequirementsaremademoresevere.

PressureRiseinJetDiffuser

Static-pressureorificeswereincorporatedin
wallofthesetdiffusersothatthepressurerise

theinnerconicsl
through thediffuser

channelcouldbe studied.A typicalpressurecurveispresentedin
figure11,wherethedimensionlessstaticwallpressurep/PO is
plottedagainstthedistancefromthewalll.leadingedgemeasuredon a
slantline S. Theover-allpressureratiopJPa waswellabovethe

.

.
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minimumoperatingvalue(5.5fromfig.9(a)),whichindicatesthatthe
diffuserwasnotoperatingatbestrecovery.Thepressurerisealong
thewallis quitecomplex,sincetheresreseverslreversalsin slope.
However,certainconclusionsthathavebeendrawnby comparisonto a
one-dimensionalflowarediscussedinthefollowingparagraphs.

TheMachnumbersat S = 15 andatthediffuserexithavebeen
calculatedfromknownvaluesofmassflow,pressure,andchannelarea.
At S= 15 theMachnumberwas1.57witha correspondingtotalpres-
sureof 0.188PO. At thejet-diffuserexit,a Machnwnberof0.50
wascalculated.Thecorrespondingtotalpressurewaa0.131Po. The
transitionfromMachnumber1.57at .S= 15 toMachnumber0.50atthe
exitsuggestsa normalshockprocesssomewhereinthedivergentpartof
thediffuser.Thepressurerisefrom S = 27 to S = 33wouldcor-
respondto a normalshockat 1.77Machnumber.Accordingto one-
@nsionsl theory,a Machnumberof 1.8willbe reachedat S = 27;
thereforeit seemsreasonablethata normalshockoccursbetweenS = 27
ands =33. Thelargepressurehumpat S = 19 occursata point
wheretheflowis supersonic,whichindicatesthata contractiondue
to flowseparationhasoccurrednearthethroat.Presumablythereex-
pansionto S = 27 meansthattheflowhasagaincontactedthechannel
walls. Thedashedcurvefrom S = 15 to S = 27 isthetheoretical
one-dimensionalexpsnsioncalculatedfromconditionsat S = 15. The
dashedcurvefrom S = 31 to theexitis a theoreticallinebasedon
theexitconditions.Furtherattemptsto calculateflowconditions
throughthechannelseemfruitlessbecauseofthepossibilitythatsep-
arationmayexistandtheflowareamaynotequalthechannelarea.

Thelargelossesoftotalpressurebetweenthejet-nozzleinlet
andthepoint S = 15 arisefromthefollowing:

(1) The nozzleboundarylayer.Approximately10percentofthe
jet-tiffuserflowis.low-energynozzleboundarylayer

(2)Theenginediffuserconicalshockwaves

(3)Theshockwaveatthejunctionoftheenginecowlandthejet-
diffuserinnerwall

(4)Turbulentmixingatthefree-~etImundsry

(5]Theshockwaveattendingtheinitialcontactofthejetwith
theouterdiffuserwall

(6)RIund&ryshearinthejetdiffuser.

Ofthesesourcesof loss,(3)and(5]showthegreatestpossibilityof
improvement.It isbelievedthatconsiderableimprovementcanbe made
intheshapeoftheinlettothejetdiffuser,thuspermittinggreater
diffuserrecoveries.



14 NACARM E52108
.

Thetotal-pressurelossbetweenS = 15 andtheexithaalittle
significance,becausethedataoffigure11wereobtainedfora diffuser
recoverylessthanthemaximw. Theexitpressurecouldhavebeen
increasedto 0.18 PO beforecausingthenormalshockto reachthe
throatsection.

SubcriticalEngineOperation

Designrequirementsfora ram-jetenginemaycallforsubcritical
diffuseroperation(normalshockexpelled].Attemptsweremadeto oper-
atethetestenginesubcriticallyinthefree-~etfacilityto determine
thepracticabilityof subcriticalinvestigations.A violentcycling
begsn,however,atthediffusercriticalrecovery.Thejetwould
alternatelyestablishandbreakdowd,andtheenginepressuresfluc-
tuatedseverely.Thetwo-conediffuserinletwasfelttobe inherently
unstableforsubcriticaloperationatMachnumber3;therefore,the
diffuserspikewasreplacedwitha singleconeof 71°includeds.ngle.
Themodifiedenginediffuserwasoperatedtiththenormalshockexpelled
a smalldistance.Thisshockwave,however;reducedtherecovery

.

obtainedwiththejetdiffuser,andthejet-chaniberpressureincreased, .
Furtherreductionsof engine,massflowsoincreasedthe~et-chember
pressurethatobliqueshockwavesfromthe“nozzlelipinterceptedthe —
expellednormalshockinfront.ofthecowl,andtheenteringflowwas

.

notproperlysimulated.However,operation.wasfreefromthecycling
experiencedwiththeunstableinlet.Itisbelievedthatrefinements
ofthejet-diffuserinletmaypermitsubcriticalinvestigationsof
engineshavingstablediffuserswithoutcompromisingthequalityof
theflightsimulation.

CONCLUDINGREMARKS

A supersonicfree-jetfacility(Machnumber3)largeenoughto
accommodatea 20-inchram jet hasbeenevaluated.The24-inch-dismeter
jetwassurveyedandfoundtogives.flowMachnumberwithin3percent
ofthedesignvalue.A simple.annulardiffuserplacedsxoundtheengine
recoversenoughofthetotalpressureofthespilledflowtopermit
operationwithover-allpressureratiosEMlowas5.4,andthejetcan
be establishedwitha pressureratioof 6.2. Theflowthroughthe
annulardiffuserwasinvestigatedandfoundtobe comparableto a sys-
temof successivethroats.

Predictionsoftheformationof condensationshockinthejetnoz-
zlewerecorroborated,buttheintensityofthedisturbancewasnot .

.

-.
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.
greatenoughtoaffectsignificantlytheflowenteringtheinletofthe
ram-jetdiffuserforthejettotaltemperaturesofinterest.

.
LewisFHght PropulsionLaboratory

NationalAdvisoryConmd.tteeforAeronautics
Cleveland,Ohio ‘
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TABLEI - COORDINATESOFMA(!ENUMBER3 NOZZLECONTOUR

x
81.456
81.000
80.000
79.000
78.000
77.000
76.000
75.000
74.000
73.000
72.000
71.000
70.000
69.000
68.(XXI
67.(XQ
66.(2QO
65:000
64.000
63.000
62.000
61.003
60.000
59.-000
58.(XXI
57.600
57.000
56.000
55.000
54.000
53.000
52.000
51.000
50.000
49.000
48.000
47.000
46.000
45.030
44.00Q
43.000
42.000

aInlet

R II x
%2 .928
10.931
9.530
8.762
8.240
7,869
7.581
7.348
7.156
6.983
6.835
6.701
6.581
6.474
6.376
6.289
6.212
6.146
6.088
6.040
5.999
5.967
5.943
5.927
5;918
5.917
5.926
5.964
6.035
6.144
6.297
6.487
6.702
6.934
7.173
7●414
7.652
7.887
8.117
8.342
8.559
8.770

41.000
40.000
39.000
38.000
37.000
36.000
35.000
34.mo
33.000
32.OCQ
31.000
30.000
29.000
28.CQO
27.CX)O
26.000
25.000
24.000
23.000
22.000
21.000
20.000
19.000
18.000
17.000
16.O(X
15.000
14.000
13.000
12.000
11.000
10.OOO
9.000
8.oOO
7.000
6.000
5.000
4.OCKl
3.000
2.ci)o
1.CC)O
.Ooo

R
8.974
9.169
9.358
9.540
9.714
9.882
10.042
10.196
10.343
10.483
10.617
10.744
10.864
10.979
11.087
11.189
Xl..285
U-.375
11.459
11.539
SL.612
11.681
U .745
11.805
U. 860
11.912
11.959
12.002
12.041
12.078
12.110
12.140
12.166
12.190
12.211
12.229
12.244
12.256
12.266
12.274
12.278
b12.281

w

.

.
—
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